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The effectsof temporal variability of mixed layer depth on
primary productivity around Bermuda
W. Paul Bissett, Mark B. Meyers, • John J. Walsh, and Frank E. M/iller-Karger
Department of Marine Science, University of South Florida, St. Petersburg

Abstract. Temporal variations in primary production and surface chlorophyll
concentrations, as measured by ship and satellite around Bermuda, were simulated
with a numerical model. In the upper 450 m of the water column, population dynamics
of a size-fractionated phytoplankton community were forced by daily changesof wind,
light, grazing stress, and nutrient availability. The temporal variations of production
and chlorophyll were driven by changesin nutrient introduction to the euphotic zone
due to both high- and low-frequency changesof the mixed layer depth within 32ø-34øN,
62ø-64øWbetween 1979 and 1984. Results from the model derived from high-frequency
(case 1) changesin the mixed layer depth showed variations in primary production and
peak chlorophyll concentrationswhen compared with results from the model derived
from low-frequency (case 2) mixed layer depth changes. Incorporation of sizefractionated plankton state variables in the model led to greater seasonalresolution of
measured primary production and vertical chlorophyll profiles. The findings of this
study highlight the possibleinadequacy of estimatingprimary production in the sea
from data of low-frequency temporal resolution and oversimplified biological
simulations.

1.

Introduction

First-order estimates of the biological carbon fluxes in
oceanic marine ecosystems are based on a variety of methods. These methods include radioisotope uptake [Menzel
and Ryther, 1960; Prezelin and Glover, 1991; Lohrenz et al.,
1992], time-averaged sedimentation [Eppley et al., 1983;
Deuser, 1986; Martin et al., 1987; Altabet, 1989], nutrient
depletion [Jenkins, 1988; Spitzer and Jenkins, 1989], and
oxygen release rates [Jenkins and Goldman, 1985; Williams
and Purdie, 1991] as well as satellite assessments[Eppley et
al., 1985;Platt et al., 1991]. The list of problemsassociated
with each approach is long and has been well documented
[e.g., Platt et al., 1989]. However, it is clear, even within the
range of error, that there are discrepanciesbetween the
fluxes derived from instantaneous uptake estimates and
those of bulk property estimates.
These discrepancies between the various estimates are
thought to arise in part from differences in the temporal
resolution of the measurements [Harris, 1980; Platt and
Harrison, 1985, 1986]. Any attempt to accurately reconcile
these disparate estimates would require an experimental
framework which integrates phytoplankton growth at high

frequenciesbut over extendedperiods. Unfortunately, collection of data at high frequencies over long periods has
proven to be difficult, leaving the problems of reconciliation
without an effective experimental solution. However, computer simulations 'have the ability to run at different frequency scalesand appear to be one method of exploringthe

question of temporal resolution in the reconciliation of
different productivity and flux estimates.
The question of parameterizing time scales accurately
becomes of paramount importance when one is trying to
simulate an ecological system [Platt et al., 1989]. Jenkins

[1988]suggests
thatintroduction
of nutrientsto the'euphotic
zone by mixing events in oligotrophic regions may occur
over weeks or days. Yet few models incorporate such
high-frequency nutrient injection in the open ocean (for
examples of prior efforts at modeling the deep sea, see
Wroblewski et al. [ 1988], Musgrave et al. [ 1988], Fasham et
al. [1990], and Taylor et al. [1991]). One would expect these
episodic events (i.e., wind and/or eddy events), to have a
large effect on the amount of biogenic flux from the primary
productivity in oceanic ecosystems [Eppley and Peterson,

1979;Klein and Coste, 1984].Thus reconciliationof theory
and observations may be aided by more accurate descriptions of the temporal variations in the physical environment
simulated

within

oceanic

models.

In addition, parameterizations of biological processescan
be just as important as parameterizations of physical processes[Harris, 1980]. For example, a major simplification is
the assumptionof only single units of phytoplankton and
zooplankton species, functional groups, or trophic levels
within the simulated water column [Wroblewski et al., 1988;

Walsh et al., 1989;Fasham et al., 1990; Taylor et al., 1991].
Such simplifications may preclude accurate assessmentof
carbon fluxes, since various classes of phytoplankton and
zooplankton contribute differently to the downward transport of organic material [Longhurst, 1991; Walsh et al.,
1991]. Species successionhas been documented in oliggtroI Nowat VirginiaInstituteof MarineScience,
Gloucester
Point.
phic waters [Menzel et al., 1963; Hulburt, 1990], ami these
Copyright 1994by the American GeophysicalUnion.
different phytoplankton functional groups utilize and export
nitrogen at different rates [Walsh et al., 1991; Gregg and
Paper number 93JC03154.
0148-0227/94/93 JC-03154505.00
Walsh, 1992]. Incorporation of additional phytoplankton
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Bermuda. The model was forced by daily, monthly, and
interannualchangesof the mixed layer depth in the Sargasso
Sea from 1979 to 1984. The model results were compared to
results in published studies of depth-integrated primary
production, nutrient and chlorophyll profiles, and sediment
trap catchesand to surfacechlorophyll estimatesfrom the
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2.1.
(5

Surface Pigment Concentrations

Estimatesof surfacepigmentconcentrationswere derived

from coastal zone color scanner images at 4-km resolution
for 10 different regions of the SargassoSea from 28.6ø to
35.0øN and 61.0ø to 67.4øW (Figure 1). This same study
region was chosenby Deuser et al. [1990] for determining
the generaldirection of transportof biogenicsedimentsthat
29 ø 08'N
arrived at a long-termdeep-water sedimenttrap moored at
60 ø 59'w
67 ø 21'W
-200 km -31ø50'N,64ø10'W(Figure 1). The imageswere navigatedand
remapped
to a cylindrical equidistant projection for the
Figure 1. The study region of an oligotrophic ecosystem
period January 1979 to December 1984. The algal pigment
model near Bermuda.
concentrations were derived according to the method of
Gordon et al. [1983a, b].

speciesin a computer simulationshouldprovide more robust
comparisonsto experimental data as well as somereconciliation between different estimates of productivity.
This work explores the ramifications of high-frequency
variations of the mixed layer depth on relatively complex
biologicalinteractionswithin an oligotrophicecosystem.It is
based on a one-dimensional model of nitrogen uptake by two
functionalgroupsof phytoplanktonin the SargassoSea near
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In this analysis we focus on a time series of surface
chlorophyll concentrationsbased on CZCS images within
the Deuser et al. [1990] "source square," over 32ø--34øNand
62ø-64øW(Figure 1). We averagedpixels within this area for
eachday for which there were at least25 pixels(of a possible
2500pixels)of data. Missingdata betweenthe 441 valid daily
imageswere linearly interpolatedto producethe CZCS time
series of Figure 2.
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Figure2. A timeseriesof the CZCSestimateof totalchlorophyll
a concentrations
(1979-1984)
for the
area 32ø-34øN, 62ø-64øW.
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A time seriesof daily mixed layer depthsfrom NODC data (case 1 model input).

Mixed-Layer Depth

A time seriesof mixed layer depthsfor the sourcesquare
was also constructedfrom the National OceanographicData
Center (NODC) temperature profiles [NODC, 1991]. Our
extraction of post-1950 data for the source square yielded
7068 records. From these, 133 records were deleted when
temperature increases of more than 0.5øC were encountered

with increasingdepth. Such editing, involving about 1.9% of
the records, was comparable to the percentageof records
eliminated by Levitus [1982] in his static stability check.
The temperature profiles between the surface and 500 m
were interpolated to 1-m depth intervals. The mixed layer
depth was then determined as the depth of a 0.5øC change
from the surface temperature. The daily mixed layer depths
from January 1979to December 1984are plotted in Figure 3.
Figure 4 shows the monthly average of these daily records
comparedto the climatologyfrom Levitus [ 1982]in a 2ø x 2ø
square centered at 33øN, 63øW. To test the ramifications of
temporal variability of the physical habitat on both primary
production and chlorophyll concentrations, case 1 of the
model was first driven by the daily records of mixed-layer
depth (Figure 3), while case 2 used the monthly averaged
records (Figure 4).
2.3.

I
82

Simulation Description

A one-dimensionalmodel of daily plankton dynamics of
carbon and nitrogen cycling over 45 levels in the upper 450 m
(Az = 10 m) was applied at 33øN, 63øW. The state equations
were nonlinear partial differential equationsfor phytoplankton (P i, where the subscriptindicates more than one algal
component, using chlorophyll as an index of biomass),

nitrate (N), and ammonium (A). The forcing functions of

maximumincidentradiation(/max)and wind speed(W) were
changed daily within a climatological annual cycle. Mixed
layer depth (hm) was changeddaily (case 1) and monthly
(case 2) within interannual cycles over the period January
1979 to December 1984 (Figures 3 and 4). Table 1 lists the
values of the various parameters used in our simulations,
while a full description of the model's equations and parameters is provided in the appendix.

3.

Results

One of the highlights of this model is the permanent
coexistence of two phytoplankton functional groups. The
phytoplanktonassemblagechangeswith respect to the seasonal cycles of nutrients, light, and mixing. During typical
winter and spring periods, the assemblageis dominated by
netplankton, in contrast to typical summer periods, which
are dominated by picoplankton (Plates 1 and 2). Having
accomplishedthis coexistence over a variety of different
mixing regimes, it was possible to test differences in the
outputusinghigh- and low-frequencyvariationsof the mixed
layer depth, that is, case l, with daily mixed layer changes,
versus case 2, with monthly mixed layer changes.
The frequency and magnitude of mixed layer depth
changeshave a significanteffect on depth-integratedprimary
production, as shown in the case 1 and case 2 results
(Figures 5 and 6; Table 2). Comparison of the production
from case 1 (Figure 5) with that of case 2 (Figure 6) shows
the most obvious differenceto be in the netplankton production cycle. Case I netplankton primary production displays
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Figure4. A timeseries
ofmonthly
averages
ofdailyNODCmixedlayerdepth(case2 modelinput,solid
curve)and Levitus[1982]climatological
mixedlayer depth(dashedcurve).

higherand more numerouspeaksthanprimaryproduction
for case2 netplankton.These patternsof netplanktonproductionfor case 1 and case2 in Figures5 and 6 resemblethe
earlier patternsof mixed layer depthsin Figures3 and 4,

C m-• yr-• for cases1 and2, respectively.
Thisincrease
was due to a mean increaseof 5.5% in the supplyof NO3 to

the euphoticzone, which resultedfrom the increasein
temporalvariabilityof themixed-layerdepthin case1. In the
respectively,
asa consequence
of thefrequency
andquantity extremeduring1982,therewere 24 and 15%risesin new and
total production,respectively,for case1 comparedto case2
of nutrientinjectionto the euphoticzone.
Annual, total, and new primaryproduction(Table 2) were (Table 2).
The largerdifferencebetweencase 1 and case2 annual
slightlyhigheron averagefor the dailymixedlayer(case1)
than for the monthly mixed layer (case 2). Averagetotal primaryproductivityin 1982showsthe effectsof smoothing
mixed-layerdepthchangesover 1-month
production
overthe6 years
was118.9
gC m-2 yr-I forcase the high-frequency
2 compared
to 123.0g C m-2 yr-I forcase1,thatis,a 3.4% intervals. There were two peaks of >0.7 mg chlorophyll
biomassfor case1 duringearly
increase.Averagenewproductionrateswere52.8and50.1g (Chl) m-3 in netplankton

Table 1.

Model Biological Parameters

Parameter

Symbol

Maximum growth rate

Photosynthetic
efficiency a
Carbon:Chl
a

Particle
settling
rate

day-I
mgC (mgChl)-• h-•

•E m-2s- I
mgmg-•

NO3half-saturation k•v
NH4 half-saturation kA
NO3-uptake
inhibition ß
Maximum
grazing
loss
!]m
Grazing
half-saturationkg
Recycling
efficiency

Units

e

wg

/zmol
L-I
/zmol
L-•
L/zmol
-•
mgChlm-3 h-I
mgChlm-3
(none)

md-•

Netplankton Picoplankton
2.773

1.386

0.072

0.12

50

30

0.1
0.05
1.50
0.0139
1.0

0.1
0.05
1.50
0.0150'
NA•

1.5

0.0

0.5

0.8

*This valueis in unitsof reciprocalhours;thatis, it is a Chl-specific
lossrate. Seetext.
?NA, not applicable.
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Plate1. The 1980case1 time seriesof (a) netplankton
(solidcurve)andnitrate(dashedcurve),(b)
picoplankton
(solidcurve)and ammonium
(dashedcurve),and (c) total chlorophyll(solidcurve)and
percentphotosyntheticallyactive radiation(dashedcurve).

1982, both of which were higher in magnitudethan the peak

of---0.4mgChl m-3 for case2 netplankton
chlorophyll.
In
addition, the timing of the peaksof the bloomsbetweenthe
two caseswas different (this can also be seen in the differ-

functionalgroupsas a result of differencesin interannual
mixingilluminatethe dynamicsof this morecomplexsimulation of an oligotrophicecosystem.For example, between
two different years in the period 1980 to 1983 for case 1
(Plates 1 and 2), the respective nitrate fluxes into the
euphoticzonefell ---32%(Table3). The lowerinfluxof 1983

ences in peaks of primary productionbetween case 1 and
case 2 for 1982, figures 5 and 6). As a result of the lower
netplanktonconcentrations,the picoplanktonbloomin case resulted from a decrease both in the maximum wintertime
2 began earlier, lasted longer, and had a higher amount of depthof themixedlayerandin thedurationof thedeepmixing
(Figure3). Combinedtotalprimaryproduction,however,fell
chlorophyll biomass.
These differencesin productionand biomassbetween the by only 19%(Table2), owingto the changingstructureof the
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Plate 2. The 1983 case 1 time series of (a) netplankton (solid curve) and nitrate (dashed curve), (b)
picoplankton (solid curve) and ammonium (dashed curve), and (c) total chlorophyll (solid curve) and
percent photosynthetically active radiation (dashed curve).

phytoplankton assemblage.The change in netplankton total
productionover this period was -42%, but picoplanktontotal
productionactuallyincreasedby 83%. Contoursof netplankton
chlorophyll, picoplankton chlorophyll, and total chlorophyll
concentrationsduring 1980and 1983(Plates 1 and 2) showthis
changingphytoplankton assemblage.
These results demonstrate the temporal variance in chlorophyll biomass for each functional group and their total,
resulting from interannual variations in the mixed layer
structure (Figure 3). The relatively deep mixing in the late

winter-early spring of 1980 introduced a substantially larger
amountof nitrate into the euphoticzone than did the shallower
mixing of 1983. Plate 1 shows the anticipated rise in chlorophyll, dominatedby the netplanktonat concentrationsof >0.9

mg Chl m-3 during1980,versusa maximumnetplankton
concentration
of >0.4 mgChlm-3 during1983(Plate2).
In the summer of each year, a deep chlorophyll maximum
occurs around a depth of 80 m. The dominant functional
group at this time in the model is the picoplankton,which is
an expectedresult, given their higher efficiencyat harvesting
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Figure 5. Time series of depth-integratedprimary productionof netplanktonand picoplankton(solid
curves) and their grazing losses(dashedcurves) within a daily mixed layer (case 1).

'

800

I

,-netplankton

400

picoplan :on

200

L

0

79

80

81

82

85

84

85

Yeor

Figure 6. Time series of depth-integratedprimary production of netplankton and picoplankton (solid
curves) and their grazing losses(dashed curves) within a monthly mixed layer (case 2).
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SimulatedYearly Variations in Productionas a Result of NODC Daily and Monthly Mixed Layer

Input
Netplankton

Year

Picoplankton

New*

Total*

f ratio, %

49.8
51.1
42.1
37.0
25.1
38.6
40.6

103.5
107.5
90.9
83.3
62.7
86.7
89.1

48.1
47.6
46.3
44.4
40.0
44.5
45.2

26.1
25.8
-38.3

44.8
20.6
-29.6

8.1
6.6
- 11.4

45.0
48.1
42.7
25.6
25.3
37.3
37.3

95.7
101.3
91.5
63.9
63.2
84.6
83.4

47.0
47.5
46.6
40.0
40.0
44.1
44.2

22.8
28.8
-32.2

38.1
21.5
-24.2

7.4
7.4
-9.5

New

Total

Combined

f ratio, %

New

Total

f ratio, %

NODC Daily Mixed Layer: Case 1
1979
1980
1981
1982
1983
1984
Mean

Range
Chg +, %
Chg -, %

9.9
8.9
11.6
14.6
15.9
11.9
12.1

7.0
31.3
-26.5

28.3
24.5
31.9
41.5
44.7
32.3
33.9

34.9
36.5
36.4
35.1
35.7
37.0
35.9

59.7
60.1
53.8
51.6
41.0
50.6
52.8

131.8
132.0
122.8
124.8
107.4
119.1
123.0

45.3
45.5
43.8
41.3
38.2
42.5
42.8

20.2
32.0
-27.8

2.0
2.9
-2.8

19.0
13.8
-22.3

24.5
7.3
- 12.6

7.3
6.4
- 10.7

123.7
127.6
120.8
109.3
110.9
121.3
118.9

44.5
45.1
44.2
38.2
38.3
41.8
42.0

18.3
7.3
-8.1

6.9
7.4
-9.1

NODC Monthly Mixed Layer: Case 2
1979
1980
1981
1982
1983
1984
Mean

Range
Chg +, %
Chg -, %

10.0
9.5
10.8
16.2
17.2
13.4
12.8

7.7
33.8
-26.2

28.0
26.3
29.3
45.4
47.7
36.7
35.5

35.8
36.0
36.7
35.6
36.0
36.5
36.1

55.0
57.5
53.4
41.7
42.5
50.7
50.1

21.4
34.1
-26.1

1.1
1.6
- 1.3

15.8
14.8
- 16.8

Here, chg +, positive change; chg -, negative change.
*Values are in grams C per square meter per year.

region,aftertheamountof chlorophyll
m-3 is converted
to

low light (Table 1) and the greater availability of nutrients at
the baseof the euphotic zone. The intensityof the picoplankton chlorophyll maximum is inversely related to the magni-

number of cells per cubic meter [Olson et al., 1990]. Picoplankton always dominate numerically in the simulations
tudeof the netplankton
springbloom(>0.3 mgChl m-3 in and are usually >90% of the total cells.
1980versus>0.5 mgChlm-3 in 1983)owingto competition A pattern emerges of relatively small variance in the
for resourcesbetween the functional groups. Simulated cell combined total and new production of the phytoplankton
abundances
are similar to cell abundance
studies in the
community compared to the variance of productionfor indi-

Table 3.

Nitrogen Export at 450 m Versus Nitrate-Based Production
Picoplankton

Netplankton

Total
Year

Total

Total

Total

Total

Grazing Diffusive +
Grazing Diffusive + Grazing NH 4 Diffusive + Nitrogen Nitrate
Sediment Export Production
Grazing Export Sediment Grazing Export Sediment Export Flux
NODC Daily Mixed Layer Runs: Case 1

1979
1980
1981
1982
1983
1984
Mean

1.298
1.355
1.133
1.049
0.799
1.096
1.122

0.649
0.677
0.567
0.524
0.399
0.548
0.561

0.00042
0.00042
0.00043
0.00041
0.00041
0.00041
0.00042

1979
1980
1981
1982
1983
1984
Mean

1.203
1.270
1.143
0.814
0.795
1.064
1.048

0.601
0.635
0.572
0.407
0.398
0.532
0.524

0.00042
0.00042
0.00041
0.00041
0.00041
0.00041
0.00041

0.356
0.308
0.400
0.522
0.562
0.407
0.426

0.071
0.062
0.080
0.104
0.112
0.081
0.085

0.000016
0.000016
0.000017
0.000015
0.000015
0.000015
0.000016

0.720
0.739
0.647
0.629
0.512
0.629
0.646

0.0232
0.0231
0.0179
0.0176
0.0152
0.0155
0.0188

0.00044
0.00044
0.00044
0.00043
0.00042
0.00043
0.00043

0.744
0.763
0.665
0.647
0.527
0.645
0.665

0.751
0.756
0.676
0.649
0.516
0.636
0.664

0.00057
0.00058
0.00057
0.00056
0.00056
0.00056
0.00056

0.692
0.722
0.663
0.536
0.532
0.641
0.631

0.692
0.724
0.672
0.525
0.534
0.637
0.631

NODC Monthly Mixed Layer Runs: Case 2
0.352
0.331
0.368
0.570
0.599
0.461
0.447

0.070
0.066
0.074
0.114
0.120
0.092
0.089

Values are in moles N per square meter per year.

0.000157
0.000160
0.000153
0.000149
0.000146
0.000146
0.000152

0.672
0.701
0.645
0.521
0.518
0.624
0.614

0.0195
0.0203
0.0168
0.0146
0.0141
0.0156
0.0168
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Figure7. A timeseriesof the case1 simulated
estimateof the totalsurfacechlorophyll
concentrations
(1979-1984).

vidualfunctionalgroups.An increaseof nitratesupplyto the rophyll concentrations
(Plates1 and 2) of the two phytoeuphoticzonewill leadto greaternewandtotalproduction
by plankton size classes.
netpl.ankton
but at the expenseof picoplankton
production The surface chlorophyll concentrationsfrom the simula(Table2). Onephytoplankton
functional
groupis thusbalanced tion (Figure7) follow the sameseasonalpatternof the CZCS
againstthe other as they competefor light and nutrientre- images(Figure 2); however, the magnitudeof the simulated
sourcesandare differentiallygrazedby highertrophiclevels. chlorophyllconcentrationis higher.One possibleexplanaWhile there is a small time lag in the grazingpressure tion for this may be the fixed carbonto chlorophyllratio of
(more pronouncedfor the netplankton),depth-integrated 50:1 for netplankton(Table 1). This ratio may be too low for
grazingcloselyfollows photosynthesis
(Figures5 and 6). the surface waters of oligotrophicregions. Diatoms (netGrazingis the mostimportantlossprocess,accounting
for plankton in our simulation)are found throughoutthe eu97.5%of thetotalnitrogenexport(Table3) at 450m. Sinking photiczone, sowe chosea meancarbonto chlorophyllratio.
and downwarddiffusionof phytoplanktoncells accountfor In retrospect,a variable carbon to chlorophyllratio may
<0.1% of the total nitrogenexport.The remainingexportis have been a better representationand will be attemptedin
the diffusionof NH 4 becauseof the zeroboundarycondition the future.Sincegrowthat the surfaceis limitedby nitrogen,
of ammoniumat 450 m (seethe appendix).
total carbon productionis expected to be unaffected.
The timingof the CZCS-derived(Figure 2) and simulated
The differencesbetweenthe minimalsimulatedand CZCS
case1 (Figure7) seasonalcyclesof totalchlorophyllbiomass concentrations,
0.02to 0.04mgChl m-3 (Figure8), result
are very similar,but the maximumconcentration
(duringthe from the sharpdeclinesof chlorophyllconcentrations
during
springbloom)is higherin the model, that is, --•1.07 versus the changeof functionalgroupdominance
followingthe
--•0.45
mgChlm-3. Thisdiscrepancy
ishigher
thanthe30to simulatedspringbloom.This shiftingof dominancemay be
40%errorestimatesfor CZCS images[Gordonet al., 1983a]. an oversimplificationin the present model, since more than
two functional groups of phytoplankton exist in the real
world. By August-September,the simulatedsurface chlorophyll
again matchesthe CZCS estimates,when the pico4.1.
CZCS Observations
planktonpopulationslevel off (Plateslb and2b). A smoother
Convective overturning and ensuing phytoplankton transitionbetweenthe dominanceof netplanktonand pico4.

Discussion

bloomswere postulatedto be functionsof atmospheric plankton by the inclusionof other functionalgroup;,of
conditionsin the SargassoSea over 30 yearsago [Menzel phytoplanktonmight provide better fidelity between the
and Ryther, 1960].In the modeldescribedhere, the depth minimumsimulatedsurfacechlorophyllconcentrationsand
and frequency of the convective overturn of the water

those estimated from the CZCS.

columndoindeedaffecttheamountsof nutrientsupply,new

Another potential source of error between the simulation

and total primary productions(Table 2), and resultantchlo-

results and the CZCS images is our method of deriving
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Figure 8. Time series of case 1 mean total surfacechlorophyll(solid curve, left-hand scale), CZCSestimated chlorophyll (dashedcurve, left-hand scale), and case 1 mean primary production (dot-dash
curve, right-hand scale).

changes of the mixed layer depth. The daily mixed layer
depths were linearly interpolated between those dates with
NODC temperature profiles. This calculation may not be a
true representation of the physical history of the water
column and may distort the model's chlorophyll stocks,
since the mixed layer depth affects the amount of nutrient
injection to the euphotic zone. The nature of satellite sampling probably affected the information from the CZCS
imagesas well. Both the mixed layer depth and the CZCS
estimate had skewed distributions, with means of 65.4 m and

0.12mgChlm-3 andmedians
of 39mand0.09mgChlm-3,
respectively.
Samplingof the "real world" was also skewed in time,
with the majority of both the NODC recordsand the CZCS

4.2.

Primary Production

New, export, and total productions respond not only to
the changingmixed layer depthsbut also to the frequencyof
the change (Table 2). Short-term forcing of the physical
habitat raises estimates of both annual production and surface chlorophyll. Therefore usingmean physicalparameters
to drive biological models (i.e., monthly averaged mixedlayer depths) may lead to inaccuraciesin simulatedcarbon
budgets.
High-frequencychangesof the physical environmentmay
partially explain the observed diversity of phytoplankton
species[Hutchinson, 1961; Harris, 1980], since smoothing
these events in this model altered nutrient introduction,

primary production,and size compositionof the phytoplankNODC records and 327 of the 441 CZCS images).This is not ton assemblage.Both time seriesof CZCS images(Figure 2)
just an artifact of this particularcollectionof CZCS images, and diatom blooms [Platt et al., 1989; Siegel et al., 1990]
as prior monthly compositepicturesof oligotrophicregions show cycles of the order of days. Thus the inclusion of
duringbloom periodshave been basedupononly one or two high-frequencyphysical forcing in computer simulations
images collected during the month [Miiller-Karger et al., may provide somereconciliationof the estimatesof primary
1991]. Since a significantportion of primary productionin productivity by instantaneousuptake rates with those from
the North Atlantic occurs during this period, differencesare bulk nutrient fluxes.
The results of the model match annual cycles of primary
sureto arise not only betweenthe simulationand the images
but also between other methods of calculating primary productionand of vertical chlorophyll profiles [Menzel and
production and their relationshipto CZCS images. Thus Ryther, 1960;Ryther and Menzel, 1960;Prezelin and Glover,
significantaliasingerrors may occur when time seriesdata 1991; Lohrenz et al., 1992; Marra et al., 1992; A. F.
Michaels et al., Ocean time-series measurements off of
obtained from satellite coverage are used [Walsh et al.,
Bermuda: The first two years of the U.S. JGOFS Bermuda
1987].

imagestaken from April 15 to November 31 (435 of the 566
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Atlantic Time-Series Study, submitted to Deep-Sea Research, 1993], including the summer subsurfacechlorophyll
maximum. Primary production of the picoplankton ranged
from 21 to 42% of the total production (Table 2). A model of
just one functional group of netplankton would have instead
yielded a greater percentage of the total production during
the spring. In addition, most of this model's picoplankton
production occurred below the summer mixed layer. Attempts to model only the mixed layer would have neglected
such production.
In an annual steady state, new production should equal
nitrogenexport [Eppley and Peterson, 1979]. Yet short-term

variations of nitrogen export versus NO 3 import, resulting
from the interactions between the two phytoplankton functional groups, suggestthat the nitrate-based"new" production for individual groups may not equal their separate
nitrogenexport. The increaseof biomassof both functional
groups is followed by an increase of ammonium at depth
(Plates lb and 2b) and covaries with the strength of the
bloom of each functional group. During the summer, nitrate
difft•ses into the simulated summer euphotic zone, while
particulate nitrogen in the form of picoplanktonand ammonium diffuse out of the euphotic zone. Nitrogen leaving the
euphotic zone in these forms effectively reduces the recy-
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is the most significantloss term in this model, which may or
may not be true in the real world. While we tried to use
values in the available literature to bound our grazing rates,
our simulationanalysisconfirmsthe pleas for further studies
of higher trophic levels and their relation to global carbon
budgets [Banse, 1991; Longhurst, 1991].
4.3.

Sedimentation

Figure 8 shows the mean annual cycle of primary production over the 6-year period of case 1. Comparison of this
result with particle fluxes caught in long-term sediment traps
at 3200 m during the same period finds an approximate
1.5-month lag between the peak primary production of the
model and the maximum sediment trap collection [Deuser,
1986, Figure 5]. Our time lag is similar to the lag calculated

by Deuser[1986]using/j180 measurements
of Globigernoides ruber as records of surface temperature and mixed
layer depth. Since the seasonal peak of depth-integrated
grazing stress(and therefore export of larger particles) of the
model closely follows the peak in primary production (Figure 5), this time lag implies that most particulate matter
would have to sink out of the euphoticzone at approximately

70 m d-1 to reacha trapat 3200m, thatis, at a ratesimilar
to ourimplicitsinkingrateof > 100m d-1 for fecalpellets.

cling efiSciency(el) of the picoplanktonand increasesthe
nitrate-basedcontribution of total picoplanktonproduction.
Therefore the actualf ratios (nitrate based production/total 5.
Conclusions
production;Table 2) for summerbloomsof picoplanktonare
Increasing the temporal resolution, that is, incorporating
higher than the implicit f ratio of 1 minus the recycling
higher-frequency variability, of the convective overturn of
efiSciency(1 - e2 = 1 - 0.8 = 0.2).
Deep mixing in late fall-early winter erodes the prior the water column increases the new, total, and export
summertimeaccumulationof NH4, as water from the aph- productivitiesof our model. A higher-frequencydescription
otic zone invades the nutrient-depletedeuphotic zone. Such of the mixing environment between 1979 and 1984'1ed to
seasonalincreases in nutrient concentrations spur the onset average annual differences of 6 and 4% for new and total
of netplankton dominance. Since a portion of the total production,respectively.Interannualdifferencesof the highnitrogenis in the form of NH4, the actual annualf ratio for frequency simulationwere as much as 24% for new production and 15% for total production. These interannual varianetplanktonis lower than the implicitf ratio (1 - el = 1 0.5 = 0.5). It is important to note that the actualf ratio is not tions result from increasesin new and total production of 45
fixed in this model and that it is a function of the functional
and 30%, respectively,for the netplanktonat the expenseof
group biomasses,grazing rates, recycling efiSciencies,and picoplankton, owing to increased nutrient supply to the
euphoticzone. These resultsshow that someof the discrepmixing environment.
The model does not include heterotrophic bacteria, which ancies between various estimates of primary productivity
can be just as important as phytoplankton in the uptake of may be a functionof temporalresolutionof theseestimates.
NH4 [Harrison et al., 1992]. The model's production and This simulation is an example of the effects of highammonium stocks are both similar to actual measurements
frequencyvariability both on the behavior of an ecosystem
and on our ability to observe the ecosystem.
in oligotrophicregions near the surface [Sharp, 1983; HarBiogenicflux estimatesof carbon and nitrogenpresently
rison et al., 1992]. At greater depths, the simulated NH4
levels are higher than observedlevels [Brzezinski, 1988];this smear over fluctuations of interdependent populations of
result is to be expected in the absenceof a heterotrophic primary and secondaryproducers.Increasedresolutionof
these biologicalcomponentswill increasethe accuracy of
microbial community.
Simple incorporation of NH4 uptake by heterotrophic flux calculationsfor interpretation of field studies[Walsh et
bacteria would decreaseboth the total primary production al., 1991].This approachshouldbe accompaniedby modeland the ammonium stocks. Yet inclusion of bacteria as a
ing of the physical regime at higher frequencies to allow
state variable would allow us to modulate the grazing stress niche separationof the many species,or at least functional
of zooflagellates on one of the existing functional groups groups,of phytoplankton,zooplankton,and bacterioplank(picoplankton), thereby maintaining the model's fidelity to ton. The effect would be to provide better reconciliation
primary production measurements. This situation clearly between disparatedata sets of marine primary productivity
arguesfor increased complexity in biological models [Long- and its role in global carbon cycles.
Grazing pressurerepresentedthe most significantloss of
hurst, 1991] at a number of different trophic levels, particuphytoplankton biomass in this model. This inadequately
larly within an oligotrophic environment [Fasharn et al.,
1990; Banse, 1991; Harrison et al., 1992].
It is unfortunate that one of the most significant parameters in the model is also one of the least understood. Grazing

resolved

closure

of our model

underlines

calls for more

studies of higher trophic levels in the real world [Banse,
1991; Longhurst, 1991]. Niche separation may be equally

7550

BISSETT ET AL.' EFFECTS OF MIXING

ON PRODUCTIVITY

affectedby differentialgrazing stresseson smallerorgan- [Gargett, 1984] but may reflect both horizontal and vertical
isms.

motions, which are not explicitly resolved by a onedimensionalphysical model. Integrating nitrogen fluxes at
100 m, Altabet [1989] calculated a range of vertical eddy

Appendix: Model Formulation

diffusivities
of 0.3to 21.3cm2 s- l whenthemixedlayerwas

than80 m. Ourvalueof 8 cm2s-1 maythusbe a
To determinedaily maximumirradiance(/max),daily solar shallower

reasonable assumptionfor a one-dimensional model in this
region of the SargassoSea.
[Kirk, 1983].Monthlysolarradiation(W m-2 [Oberhuber, The state equationsfor netplanktonP i and picoplankton
1988]), assumedto integrate the effects of clouds on irradi- P2,

declinationangleswere first calculatedfor 33øN, 63øW;from
these,daily valuesfor the photoperiod(I1) were then derived

ance, was interpolated to daily values and converted to
photosyntheticallyactive radiationand microeinsteins(taE)
per square meter per second with factors of 0.50 and 4.15,
respectively [Morel and Smith, 1974]. A sine function was

used to calculate the time dependenceof light over the
photoperiod'

I(t) =/maxsin(•r(t- a)I1-1)

OP1

tanh(aI(z,
t)) N
•lrn
+kAA
+API - ka
+p•PI+•zz
C•ZWs?
I OPi
C•Z(5)
0KzOPi

Ot

= tarnmin

e

tam

-•A

' kN+N

(1)

where t is the time step, and at sunrisea = (12 - 0.5II).
Light is extinguishedexponentiallywith depth as a function of attenuation by seawater and phytoplankton. The
absorptioncoefficientfor seawaterkw was assumedto be

Ot = tam
mintanh
\ tam 'ktv+N e

A]

Wsp2
(6)
O OP2
OP2

+kA+AP2- •lP2
+•ZZ
KzOz

Oz

0.033m-1 whilethe specificabsorption
coefficient
was
assumed
to be 0.020m2(mgChl a) -1 for the netplanktonassumethat algal growth is limited by a singlefactor, either
(kcl)and0.033m2(mg
Chla) -1 forthepicoplankton
(kc2). light I or total nitrogen, at any given depth and time. Values
Thesewere convertedinto diffuseattenuationcoefficientsby for these parameters are given in Table 1.
assuming an inverse average cosine pathlength for light
The state equations for nitrate and ammonium are
[Gordon and Morel, 1983]. Detritus and dissolved organic
ON
0
ON
matter played no role in this model. The depth-dependent

Ot -• aN,Pi
+•ZZ
Kz

equation for light thus becomes

OZ

(7)

Ot= -•'•aA'Pi
+eI(ka
+PI
OZ
OA
•lmP
l)+ e2•/P2+•ZZ
0Kz•OA
(8)

(2)

The time-dependentvertical eddy diffusivityin the surface
mixed layer K0 is a function of the wind stressrs and the
Coriolis parameterf at the appropriate latitude [Csanady,
1976; Kullenberg, 1976]'

K0= 4.9 x 10-3rs/'-1

1977],whichallowsinhibition
of nitrate
(3) tam-1 [Wroblewski,

The wind stress, in turn, was derived from the Hellerman
and Rosenstein [1983] formulation of a drag coefficient,

scalarwindW, andthedensity
of airPa(1 X 10-3 g ml-•) ß

r s= pa(0.934X 10-3 + 0.788X 10-3W
- 0.616x 10-6W2)W2

wherethe functions
aN, in (7) andaA, in (8) referto that
portion of the total algal growth demand suppliedby NO3
and NH4, respectively, for each functional group. In the
nitrogen uptake expression, ammonium is preferentially
assimilatedon the basis of energetic considerations.ß is 1.5

(4)

Scalar wind was interpolated daily from monthly averagesat
the appropriate latitude and longitude [Wright, 1988].
The vertical eddy diffusivity below the surfacemixed layer

uptake at increasing concentrations of NH4. The halfsaturationconstantof oligotrophicphytoplanktonis 0.05 tam
for NH 4 (kA) and0.10 tamfor NO3 (k•v) accordingto Eppley
et al. [1977].

With respectto differencesof nutrient uptake between the
functionalgroups, smaller sphericalcells have an advantage,
with respect to the diffusive supply rate from the cell
surface, over larger spheres. However, large cells in oligotrophic regionshave adapted to nonspheroidalshapes,thus
increasing surface area in relation to volume [Chisholm,
1992]. Given this fact and the problematic assessmentof

(Km) wassetto a constant
8.0 cm2 s-1. Thisvaluewas

nutrient

determined by running the model to steady state (the point at
which the annual changes of the state variables were
<0.01%), using the mixed-layer depths from the NODC
recordsduring 1985and 1986, to yield an averageNO 3 flux

levels for nitrogen, we chose not to make any further

kinetics

distinction

at and below

based on nutrient

the conventional

kinetics

detection

in this model but to

flux is equal to that calculated by Jenkins [1988] in the same
area for the same time period.
Such a vertical eddy diffusivity, below the surface mixed

define competition by other factors.
The netplankton growth rate was assumed to be higher
than that of the picoplankton, in accordancewith laboratory
studies of maximum growth rates (tam) among various
oceanic phytoplankton taxa [Brand and Guillard, 1981].
Maximum netplankton growth rate (carbon specific) was

layer,is largerthanotherestimates
of 0.1 to 0.5 cm2 s-l

takento be 2.773day-l, or 4.0 doublings
d-1 [Brandand

of 0.58molN m-2 yr-l intotheeuphotic
zone.ThisNO3

BISSETT ET AL.' EFFECTS OF MIXING

Guillard, 1981]; maximum picoplankton growth rate was
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a mass specificrate constant; it was determined to be 0.18

1.386d-1, or 2.0 doublings
d-1 [Bienfang
and Takahashi, /xm, which is within the rangeof valuesreported by Iturriaga
1983; Kana and Glibert, 1987; Iturriaga and Marra, 1988]. andMarra [1988].Refugepopulations
weresetat 1 x 103
While these were the maximum growth rates, actual growth cellsL -1 for netplankton
and4 x 106cellsL -1 for picoratesfor bothfunctional
groupsdidnotexceed0.63d-1 or plankton; below these limits, no grazing occurred. Abun0.9doublings
d-1, owingto eitherlightor nutrientlimitation. dancesof cells L -• were converted to biomassesof chlorophyllL -• withconversion
factorsof 1 x 10-9 mgChlcell-•
Photosyntheticefficiencycan be describedas a = •mkci,
and1 x 10-•2 mgChl cell-1 for picoplankwith (I)m as the maximumquantumyield of photosynthesis for netplankton
(molesC per mole quanta)and kci (where i is the index of

ton.

phytoplankton functional group) as the absorption coefficient for each functional group. The minimum amount of
light energy needed to fix 1 mol of C is equivalent to 8-10 E,
though the practical limit may be closer to 12 E as a result of
slippage/leakage processes in energy transduction [Kirk,

Nitrogen biomasswas recycled immediately into NH4 at
recycling efficiencies el for netplankton and e2 for picoplankton. The remainder (1 - ei), where i is the index for
the functional group, is assumedto be exported from the
model as rapidly sinking particulate matter, for example,
1983;Geldere! al., 1986].Experimental
valuesfor •r• • fecal pellets. Michaels and Silver [1988] modeled the range
range from approximately 11 to 22 [Sakshaug et al., 1991]; it of probabilitiesthat nitrogen incorporatedinto various phywas set to 12 for both the netplankton and the picoplankton. toplanktongroupswould ultimately be exported; the probaPhotosynthetic efficiency a is converted to the more bilities varied from 4 to 19% for picoplanktonand 30 to 65%
conventional
formof mgC mgChl-• h-1 [/xEm-2 s-•] -1 for netplankton.
with a conversion
constantof 43.2(12000mgC mol C -• x
These estimates of export translate into recycling efficien3600s h-1 x 10-6 E/xE-1). It is usedin (5)and(6)aspart cies of 96 to 81% for picoplankton and 70 to 35% for
of a hyperbolic tangent function of the photosynthesis- netplankton. Fasharn et al. [1990] had an effective ammoirradiance relationship [Jassby and Platt, 1976]. Picoplank- nium recycling efficiency of 56% (75% assimilationefficiency
ton have an intrinsic light-harvesting advantage (greater x 75% ammonium excretion rate) in modeling bulk phytoabsorption coefficient, or kcl > kc2) as a result of the plankton populations within the surface mixed layer. Here
reduced packaging effects of their pigment arrangements we chose netplankton nitrogen recycling el to be 50%,
[Kirk, 1983] and therefore are more efficient at low light comparedto 80% for picoplanktonnitrogenrecycling e2.
(Table 1).
The last term in the phytoplankton state equations is the
The grazing terms assume a single type of herbivore for sinking
flux.Thesinking
rateistakento be 1.5m d-1 (wsl)
each phytoplankton functional group. For netplankton, in- for netplankton
[Bienfang,
1980]and0.0 m d-• (ws2)for
gestion is modeled as a rectangular hyperbolic function picoplankton [Takahashi and Bienfang, 1983]. The fecal
[Mullinet al., 1975].Thehalf-saturation
constant
kgwasset pellet flux is not explicitly simulated, but a daily grazing
to 1.0 mgChl m-3 sothatmostconcentrations
of chloro- export of 1 - ei from the euphotic zone implies a sinking
phyll fell in the near-linear portion of the curve at typical rate of > 100 m d
netplankton densities. The slope rn of the grazing stressin
Finally, the two algal groups also have different C'Chl
this region was determined by parameter evaluation to be ratios, which impact the amount of nitrogen removed by
5.5% of/z m. The maximumgrazingrate tim is determinedby each group at each time step, becausenitrogen is assumedto
recallingthat ti = 0.5tim at the half-saturationconcentration be fixed at a constant C'N ratio of 6.625 mol mo1-1. The
of kg. The slopem of the linearportionof the rectangular C'Chl ratio for picoplankton is 30' 1 [Glover et al., 1988],
hyperbolic
functionis thenequalto 0.5tim/k•;thustim = while it is 50' 1 for the netplankton [Eppley et al., 1977].
Fluxes at the sea surface are defined as

2mk•.
A note on parameter evaluation is relevant at this point.
Given the large number of parameters and the sometimes
wide range of measured values for them, we first chose
"reasonable"

values from the literature.

Parameter

OPi

Kz

ON

oz = K z •

OA

= Kz •

oz = 0

(9)

evalua-

tion, or "tuning," was then conductedon those processes, The boundary conditions for each functional group and
particularly grazing, for which little published information ammonium at the base of the model (a depth of 450 m) are
was available.

equalto 0.0 mgChl m-3 and0.0/xM NH4. Nitrateat the

Specifically, we ran the model with different valuesfor the
slope of the grazing stress on the netplankton to achieve
coexistenceof the phytoplankton groups. Because (1) grazing pressure represented the most significant loss in our
model and (2) it was the function with the least amount of
data in the literature, we also advocate more studies of
higher trophic levels in the real world [e.g., Banse, 1991;
Longhurst, 1991]. We stressthe significanceof this term and
the fact that the characterof the simulationresultsdepends
on the type of closure used for the system of equations
[Steele and Henderson, 1992].
In the case of the picoplankton, grazing was instead
assumedto be by rapidly growing protozoan herbivores
within a tightly coupled system. This type of grazing was
modeledwith a first-orderlossterm, where ti, in this case, is

baseof the modelis 8/xM NO 3. Diffusive fluxesare allowed
for all of the state variables at the bottom boundary in
addition to the particulate flux of the two algal components.
Initial conditionsfor nitrate and total chlorophyll are taken
from the United States Joint Global Ocean Flux Study at the
Bermuda Atlantic Time Series station [U.S. JGOFS, 1990],

while that of NH 4 was assumed to be 10% of the NO3
concentration [Sharp, 1983]. The total chlorophyll concentration was then split between the functional groups, with
70% for netplankton and 30% for picoplankton, reflecting a
fall phytoplankton assemblage. The model was run for 5
years, using the 1979 daily mixed layer depth profiles to
achieve steady state (<0.01% change in the state variables)
before continuing with the other mixed layer depths from
1980 to 1984.
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The diffusiontermswere solvedexplicitly with a forwardin-time, centered-in-spacemethod [O'Brien, 1986]. The von
Neumann stability conditionfor the diffusionterms in (5)-(8)

is 2ntKz/nz
2 _<1. Fora maximum
Kz of •100 cm2 s-1
from (3) and a Az of 10 m, a At time stepof only _<1.4 hours
would be requiredfor numericalstability.
However, the remainingbiologicaltermswere also solved
explicitly with a forward-in-timemethod.The nitrogenuptake terms,with their low half-saturationconstants,placean
additionalrestrictionon the time step; under certain conditions for large At, nitrogen demand can outstrip nitrogen
supply. While a At of 1 hour is possiblewith a singlealgal
component[Walsh et al., 1989], this two-componentmodel
required a shorter time step. The time step was thus 900 s,
satisfyingboth biologicaland von Neumannstabilitycondi-
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